The spinal circuitry, however, exhibits a great degree of automaticity and plasticity after an injury. Automaticity implies that the spinal circuits have some capacity to perform complex motor tasks following the disruption of supraspinal input, and evidence for plasticity suggests that biochemical changes at the cellular level in the spinal cord can be induced in an activity-dependent manner that correlates with sensorimotor recovery. These characteristics should be strongly considered as advantageous in developing therapeutic strategies to assist in the recovery of locomotor function following SCI. Rehabilitative efforts combining locomotor training pharmacological means and/or spinal cord electrical stimulation paradigms will most likely result in more effective methods of recovery than using only one intervention.
INTRODUCTION
There is a growing awareness that a high level of functional recovery of standing and stepping can be achieved in adult mammals following a complete spinal cord injury (SCI). It is also clear that the level of recovery in motor function is defined, 146 EDGERTON ET AL. to a significant degree, by the level and types of motor training or experience following the injury (Edgerton et al. 2001a , Wernig et al. 1995 . These findings suggest strongly that any promising interventional strategies for regeneration and redevelopment of supraspinal-spinal connectivity following SCI are likely to be more successful when the intervention is combined with some type of motor training. Insight into the mechanisms of recovery depends on a basic understanding of the neural control of standing and stepping in the uninjured compared to the injured spinal cord, as well as the properties and adaptations of the force generating tissue, i.e., muscle-tendon units. Much of the insight we have gained in the neural control of locomotion is attributable to the fact that the basic networks that control locomotion in animals that walk, fly, and/or swim are remarkably similar. The physiological properties of the supraspinal and spinal circuits that control posture and locomotion are similar across many vertebrate systems. Glutamate and glycine are essential neurotransmitter systems for central pattern generation (CPG) in virtually all vertebrates. Similarly, noradrenergic and serotonergic neurotransmitter systems are important modulators of the basic rhythmic cycle associated with locomotion among most vertebrates (Grillner 2003) . The extensive conservation of the neuromotor control system and its neuromodulators and neurotransmitters enable us to gain a deeper understanding of the functional properties of complex systems by studying simple animal models (Grillner 2003 ). This in turn has also been an important factor in helping to understand the recovery of locomotion following SCI.
In this review we highlight some features of the normal neuromotor control apparatus and how SCI changes this neural control. An understanding of this control provides a reasonable rationale for the level of plasticity that persists and the highly functional state of posture and locomotion that can be achieved in the neuromusculoskeletal system following SCI. Because the number of papers published on the topic of SCI over the past few years has risen rapidly, we restricted the present review primarily to those papers that include a complete SCI and motor training post-SCI. The two objectives of this review are (a) to summarize the level of motor or functional control that can persist in the lumbosacral spinal cord in the absence of supraspinal control, and (b) to provide some insight into the physiological and biochemical changes that can occur in the lumbosacral segments, and the sensory and motor adaptations that can account for locomotor recovery after SCI. A number of recent reviews have been written on similar topics (Barbeau et al. 2002; Edgerton et al. 2001a; Grillner 1981 Grillner , 2003 Grillner & Wallen 1985; Harkema 2001; Rossignol et al. 2002a,b; Wolpaw & Tennissen 2001) .
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able to carry out complex but routine motor tasks without "conscious" thought, such as walking across a room. Descending brain control, central pattern generator activity, and peripheral inputs are components of automaticity. Following SCI, the spinal circuitry below the lesion site does not become silent; rather it continues to maintain active and functional neuronal properties. The potential for the spinal circuitry to generate oscillating coordinated motor patterns remains, and peripheral input continues to flow into the spinal cord and be processed after a complete SCI, although in a modified manner. Spinal automaticity is then comprised of CPG circuitry combined with sensory input from the periphery.
One can ask, how did automaticity with such utility evolve? All animals on Earth with vastly different neuromusculoskeletal structures have evolved within a 1 g gravitational environment. Over millions of years the execution of many complex postural and locomotor tasks has evolved to become automatic in many ways within this constant environment (Edgerton et al. 2001b) . The automaticity of the neural control of locomotion and posture facilitates the execution of complicated tasks that might otherwise require decision-making processes that would take additional time. Automaticity also frees selected neural networks that can be reserved for less predictable events. From this perspective spinal automaticity seems to have been learned in the evolutionary process, i.e., "evolutionary learning" has played a key role in shaping the mammalian neural systems that control posture and locomotion. A few obvious examples of the automaticity that is built into the neural control of posture and locomotion are shorter steps taken by the inside limb when walking in an arc or by the limb of the side of the body to which the head is turned; increasing the level of excitation of extensor muscles when the body is bearing more load; and enhancing flexion of the ipsilateral leg when stepping over an object versus enhancing extension in the contralateral limb. In the extreme case of SCI where the spinal cord is completely severed in the midthoracic region, there is no supraspinal control. In this case the automaticity within the spinal cord becomes even more critical for the CPG circuitry to successfully process sensory input. The manner in which these features of the control system are affected after a complete SCI is discussed below.
The specific control features of each of the descending spinal tracts in controlling locomotion are poorly understood. Also the anatomy of these tracts differs to some degree from species to species. Although the detailed clinical manifestation of a SCI will reflect the amount of tissue damage, it seems that the specific tracts that are damaged are also an important factor. However, there has been relatively little focus on how the loss of specific tracts following SCI relates to the specific kinds and levels of motor function that remain after the injury. For example, the corticospinal tract of quadrupedal animals does not play an essential role in generating the basic locomotor pattern, but it is very important in making fine adjustments (Eidelberg 1981 , Grillner 2003 . Although damage to this tract will not result in a severe deficit during treadmill locomotion, these fine adjustments in the basic activation patterns during locomotion in a variable environment can be important. In nonhuman primates, however, the basic locomotor patterns can be relatively normal without corticospinal input, with most of the dysfunction occurring primarily in the distal musculature, i.e., in the wrist, ankle, and digits (Eidelberg 1981 , Hodgson et al. 2003 . After a more severe SCI, however, the integral role of spinally mediated mechanisms in postural and locomotor control becomes more apparent ( Figure 1B ).
Spinal Control of Posture and Locomotion
CENTRAL PATTERN GENERATION CPG is a physiological phenomenon in which oscillatory motor output is generated in the absence of any oscillatory input. In mammalian, nonhuman systems, CPGs within the lumbosacral spinal cord segments represent an important component of the total circuitry that generates and controls posture and locomotion. With an appropriate pharmacological stimulus, a highly coordinated oscillatory pattern, i.e., alternating flexion and extension (fictive locomotion), can be generated in a fictive preparation by the circuitry within the spinal cord in the absence of input from the brain or from the periphery. During this oscillatory behavior, interneurons are active throughout all layers of the gray matter of the spinal cord and over all of the lumbosacral segments (Edgerton et al. 1976 , Jordan & Schmidt 2002 . Many excellent reviews on CPG and locomotion have been written (Barbeau et al. 2002; Dietz 2003; Edgerton et al. 2001a; Grillner 2002 Grillner , 2003 Grillner & Wallen 1985; Harkema 2001; Rossignol et al. 2002a,b; Wolpaw & Tennissen 2001) and provide more detailed information. Although there are reports that claim to demonstrate CPG in nonhuman primates (Fedirchuk et al. 1998 ) and in humans (Calancie et al. 1994 , Dimetrievic et al. 1998 , Gurfinkel et al. 1997 ,Gerasimenko et al. 2002 , the evidence is not conclusive, largely because of the infeasibility of eliminating all peripheral as well as supraspinal input to the spinal cord, at least in humans.
SENSORY INPUT An intact and functional neuromotor control system cannot rely solely on CPG or on direct supraspinal control to generate effective movements, particularly in a dynamic environment. The profuse sources of peripheral sensory information represent an integral component of the neuromotor control system, allowing the spinal cord to effectively interface with its physical environment. The spinal cord receives sensory input from all of the mechanoreceptors and cutaneous receptors and produces the appropriate temporal response, thus generating many highly adaptable motor tasks. In this context, it is convenient to think of the spinal cord as interpreting the ensemble of sensory information at any given time, as opposed to responding to each receptor in a stereotypically reflexive manner. This feature of the spinal cord makes it "smart" and provides the foundation for a substantial portion of the recovery of postural and locomotor function following SCI.
The intrinsic CPG activity and the sensory input to the spinal circuitry combined allow for rapid adjustment to parameters such as the speed of stepping, the level of load imposed during stepping, and a wide range of unpredictable sensory anomalies (Edgerton et al. 2001a ). We propose that the spinal cord processes and interprets proprioception in a manner similar to how our visual system processes information. When we view a painting, the brain interprets the total visual field, as opposed to processing each individual pixel of information independently, and then derives an image. At any instant the spinal cord receives an ensemble of information from all receptors throughout the body that signals a proprioceptive "image" that represents time and space, and it computes "online" which neurons to excite next based on the most recently perceived "images." Those CPG neurons that generate locomotor patterns appear to predict the next sequence of neurons to activate on the basis of the specific groups of neurons that were just activated. The importance of the CPG is not simply its ability to generate repetitive cycles, but also to receive, interpret, and predict the appropriate sequences of actions during any part of the step cycle, i.e., "state dependence." The peripheral input then provides important information from which the probabilities of a given set of neurons being active at any given time can be finely tuned to a given situation during a specific phase of a step cycle. An excellent example of this is when a mechanical stimulus is applied to the dorsum of the paw of a cat. When the stimulus is applied during the swing phase, the flexor muscles of that limb are excited, and the result is enhanced flexion. However, when the same stimulus is applied during stance, the extensors are excited (Forssberg et al. 1975) . Thus, the functional connectivity between mechanoreceptors and specific interneuronal populations within the spinal cord varies according to the physiological state. Even the efficacy of the monosynaptic input from muscle spindles to the motoneuron changes readily from one part of the step cycle to another, according to whether a subject is running or walking (Simonsen et al. 1999 ).
The injured spinal cord interprets sensory changes in load and speed The spinal cord clearly interprets ensembles of information derived from mechanoreceptors in the musculoskeletal system and activates the appropriate motor pools in a precise and highly coordinated manner in response to changes in speed and load. An example of the spinal cord's ability to receive complex proprioceptive information and use it in a functional way is shown in Figure 2 . 
Figure 2
Loading alters the activation levels of motor pools during stepping in human SCI patients. The relationships between soleus EMG mean amplitude (µV) and limb peak load (N) from a nondisabled subject (A, ND-1) and a subject with a SCI classified on the ASIA scale as an A, i.e., having a complete injury (B, SCI-A1), over a range of loading conditions are shown. Each data point represents one step, and each symbol represents a series of consecutive steps at one level of body-weight support. (Reproduced with permission from Edgerton et al. 2001a .)
The activation level of an extensor muscle, in this case the soleus, is modulated according to the amount of load placed on the lower limbs of a nondisabled human subject (Harkema et al. 1997) . The increase in activation (Figure 2A ), illustrated by the amplitude of the electromyographic (EMG) signal, is directly related to the load imposed on the limb. Data from a similar experiment in a complete SCI patient is also shown ( Figure 2B ). Even though the SCI subject has no voluntary control of any muscles and no sense of sensation from tissues below the lesion, there is a clear similarity in the relationship between the level of loading and the level of motor pool activation as reflected by the EMG amplitude compared to the nondisabled subject.
Similar adaptations have been observed with respect to speed (Forssberg et al. 1980a,b) and force modulation ( Figure 3 ; Lovely et al. 1990 ) in low thoracic, chronically spinalized cats during assisted treadmill locomotion. Indirect evidence suggests that the spinal cord neural circuits vary the speed of locomotion primarily by modulating the level of excitation of the extensor muscles. For example, there are greater angular excursions, enhanced muscle forces, and shorter EMG durations in the SOL and MG at a faster ( Figure 4B ) than a slower ( Figure 4A ) treadmill speed in complete SCI cats ( Figure 4 ; Lovely et al. 1990 ). However, experiments in decerebrate cats showed that if treadmill speed is kept constant, increased input into the midbrain has no effect on the duration of the stance phase or step frequency (Shik et al. 1966 ). This latter observation suggests that the cycle duration is influenced by mechanical factors such as the position or the placement of the hindlimb and, therefore, is mediated by proprioceptive signals.
Figure 3
Hindlimb muscle EMG and force production (via tendon force transducers) are prominent during assisted treadmill locomotion in adult spinal cats. Comparisons of the activation patterns of the soleus (SOL) and medial gastrocnemius (MG), and corresponding force production in a normal (A) and a complete low thoracic spinal cat that has been trained to step on a treadmill with full weight-bearing (B) are shown. The beginning of the stance phase (paw contact; PC) and the beginning of the swing phase (ankle flexion; Fa) are noted. The EMG bursts per step are less robust, and there is a slightly more irregular and more brief force pattern in both the SOL and MG after than before SCI. The peak force levels are also lower after than before SCI, particularly in the MG, which has a higher percentage of larger motoneurons that require more excitatory drive to be activated. However, there are significant forces and activation levels in the muscles of this complete spinal cat. ) on a motor-driven treadmill. Clonus is more evident in the EMG and force records of these muscles at the slower than at the faster speed of stepping. Also note the shorter stance period at the faster speed, indicating the modulation of extensor power output (greater recruitment for a shorter period) to walk faster. The vertical lines at the beginning of the SOL force indicate the beginning of stance, i.e., paw contact (PC), as derived from high-speed film (200 fps SCI patients can voluntarily initiate locomotion An understanding of the extensive level of built-in spinal automaticity can be used in developing therapeutic strategies to facilitate functional recovery after SCI. With the increasing success in improving the locomotor potential of laboratory animals, however, the question has been raised as to the functional significance of this motor recovery in humans after a complete SCI, since there is presumably no voluntary initiation of stepping or standing. This presumption, however, is not entirely correct. Both standing and stepping can be initiated voluntarily, although indirectly, in SCI patients. For example, when an ASIA A SCI patient is standing with bilateral weight support, stepping can be initiated (consciously) by shifting the body weight to one leg and moving the head and trunk so that the hip position of the contralateral leg is extended by leaning the body forward (Wernig & Müller 1992) . Proprioceptively, this maneuver is similar to unloading a limb at the end of the stance phase of a step, which facilitates the initiation of the swing phase of that leg (Duysens & Pearson 1980 , Harkema 2001 , Wernig & Mueller 1992 . The same events initiate stepping on a moving treadmill belt because the weight-bearing limb moves backward into hip extension. A moving treadmill, however, is not required to successfully initiate stepping because the patient can use the upper body to alternate loading from one side to the other at the appropriate time to facilitate the joint actions bilaterally.
THE INJURED SPINAL CORD IS AN "ALTERED" SPINAL CORD
After a SCI, supraspinal and spinal sources of control of movement differ substantially from that which existed prior to the injury, thus resulting in an altered spinal cord. The concept of an altered spinal cord after SCI implies that the spinal cord processes input and generates motor output in a different manner as a result of injury-related adaptations (Edgerton et al. 1997b (Edgerton et al. , 2001b . How, then, does the automaticity of posture and locomotion emerge from the interactions between the sensory inputs and the CPG circuitry in spinalized animals? For these two systems to work in synergy, each system must have intrinsic activation and inhibition patterns that can generate coordinated motor outputs. For example, the sequence of muscle activation patterns associated with stepping can occur only if a critical level of synergy occurs between the peripheral inputs and the cyclic events of the CPG. At any given time "bin" within a step cycle, the sensory information interfaces with the CPG circuitry to (a) apprise the CPG circuitry about the present state of the step cycle, (b) inform the CPG circuitry about which "bin(s)" preceded that instant, and (c) predict which "bin(s)" should occur next. In this scenario a "bin" consists of that sensory input and the stage of activation-inhibition of the neurons that generate the CPG output at that instant. The temporal patterns of peripheral inputs must be matched with the intrinsic CPG activity for locomotion to continue effectively. After a complete SCI, the interaction between the CPG circuitry and the peripheral inputs is critical because a major source of control, the brain, has been eliminated.
Spasticity is a sign of activity in the spinal circuitry Spasticity might be considered as automaticity gone awry. Although extensive muscle contractions occur with spasticity, there is little reciprocal activation of agonistic and antagonistic motor pools, as occurs during locomotion (de Leon et al. 1998a) . One possible explanation for a more-or-less random motor pool activation is that the spinal cord has lost the ability to synchronize and interpret the coordinated ensemble of afferent information that produces a predictable motor outcome in nondisabled subjects. This deficit may be due to the absence or rare occurrence of synchronized events normally associated with load-bearing stepping. In the absence of these coordinating events, the spinal cord loses the ability to synchronize input into functional movements of the limbs. The presence of spasticity is, however, a positive sign of the potential for a SCI patient to regain some locomotor ability.
A patient who is hyporesponsive to sensory input is less likely to respond to the proprioceptive input associated with load-bearing stepping. Clearly, understanding the physiological mechanisms that underlie spasticity will enhance our efforts to facilitate locomotor recovery in SCI patients.
MOTOR OUTPUT IS ENHANCED BY REPETITIVE TRAINING Chronic Motor Training Modulates Spinal Plasticity to Enhance Motor Output After SCI
Experiments with spinal cats using chronic locomotor training paradigms suggest that the ability to learn and successfully perform a motor task is dependent on repetitive practice (de Leon et al. 1998a,b; Lovely et al. 1986 ) and appears to be specific to the task being tested (de Leon et al. 1998a,b) . Although training for a specific motor task such as stepping can enhance the capacity to perform that task, it may reduce the capacity to perform a different complex motor task that uses different patterns of information, e.g., standing (de Leon et al. 1998b) . Cats that were trained to step perform that motor task well, whereas those trained for weight-bearing standing did not step well. These findings imply that the functional state of the cord is shaped by specific locomotor training regimens. Although the mechanisms underlying locomotor training-enhanced plasticity are not well understood, it is clear that the physiological state of the cord can be affected by activity-dependent processes that can influence its ability to learn and perform a specified motor behavior.
The Spinal Cord Can Respond to Novel, Acute Perturbations
Although spinal cord plasticity can be modulated to alter its motor capacity after a complete SCI, one may argue that this behavior requires long periods of motor training and new neuronal connections to form within the spinal cord. However, the state-dependent property of the spinal circuitry, which enables highly functional and integrated responses to occur, can also occur in novel, acute situations. For example, when an object is placed in front of a spinal cat stepping on a treadmill during the swing phase of one hind limb, that limb will exhibit a greater degree of flexion during the following steps to avoid the perturbation (Forssberg et al. 1975) . This hyperflexion persists for several steps even after the removal of the perturbation ( Figure 5 ; Hodgson et al. 1994 , Nakada et al. 1994 , which suggests that a learning and memory-type phenomenon may be taking place. This must be considered as more than a momentary adaptation because a memory trace is shown behaviorally in a number of steps immediately following the removal of the perturbation. More recent evidence of the "smartness" of the spinal cord was demonstrated when a robotic device was used to apply specific forces to rat hindlimbs during certain phases of the step cycle. In one experiment a downward force proportional to the velocity of stepping was applied unilaterally or bilaterally to the ankle(s) of spinal rats.
Step timing and kinematics were altered within a few steps, enabling locomotion to continue . In a separate but similar set of experiments, a robotically induced upward force proportional to the forward velocity of the swing (SWPFF) was exerted at the ankle of one limb during the swing phase, resulting in a visually obvious kinematic disturbance. After as few as 20 steps, the limb adjusted its output to become more kinematically Figure 6 The spinal cord adapts in a functionally appropriate manner to an acute perturbation to normalize step kinematics. A robotic system applied an upward force (swing-phase force field; SWPFF) at one ankle of a complete spinal rat during bipedal, weight-supported stepping on a treadmill. The rat took ∼20 steps with the SWPFF on and ∼20 with the SWPFF off for 4 consecutive bouts (between 160-200 total steps). The first and fourth SWPFF-on and -off bouts are shown. (A) OFF-1 swing phase duration is highly consistent (mean ± SD = 551 ± 127 ms). (B) OFF-4 is similar to OFF-1 (683 ± 331 ms). (C) ON-1 SWPFF exposure increases the swing-phase duration (1103 ± 610 ms). (D) ON-4 swing duration shifted toward OFF-1 and OFF-4 levels (582 ± 326 ms). Thus, step characteristics return toward normal within a short period of time (about 4 min total) upon repeated exposure to the SWPFF perturbation. similar to that observed prior to the perturbation, although with different rectus femoris EMG patterns . Furthermore, with repetitive trials of ∼20 steps on-, ∼20 steps off × 4 bouts of the SWPFF paradigm, the average swing duration during the "force-field-on" period decreased to "force-field-off" levels by the fourth bout ( Figure 6 ; Liu et al. 2003) . These studies show that, in essence, the spinal cord is "solving" problems in real time based on the continually changing state of incoming peripheral information to elicit a nearly constant behavior, even though the means to the endpoint differ.
These studies imply that spinal learning can occur in a very short period of time, and a type of memory trace allows for quicker adaptation upon reexposure to a given perturbation. Although the underlying cellular mechanisms are unknown, studies are in progress to determine if some of the molecules and processes involved in spinal learning are similar to those involved in hippocampal learning, and whether this phenomenon continues for longer periods (hours to days). Indeed, long-term potentiation (LTP) and long-term depression (LTD), which are vital in hippocampal learning, are also exhibited in dorsal horn neurons in the spinal cord in response to nociceptive stimuli (Garraway & Hochman 2001 , Ikeda et al. 2003 , Rygh et al. 2002 . These observations confirm that hippocampal learning-like phenomena can occur in the spinal cord. Whether spinal motor learning occurs via similar processes or affects spinally mediated pain responses remains to be determined, but it will be an interesting topic for future study.
Biochemical and Pharmacological Evidence for Spinal Cord Plasticity After Injury
As shown above, activity-dependent motor training facilitates the recovery of posture and locomotion after a complete SCI in mammals. Because the functionally recovered spinal animals showed no evidence of regeneration of descending pathways (Joynes et al. 1999) or showed minimal changes in hindlimb skeletal muscle properties (Roy et al. , 1998 Roy & Acosta 1986) to account for the recovery characteristics, the functional behavior exhibited by these animals must have been mediated by the plasticity in existing spinal pathways. This plasticity may occur at any of many spinal cord regions or cell types such as motoneurons, premotor pattern-generating neurons, and/or nonneuronal cell types. There could also be anatomically altered synaptic connections, increased active zones of synapses, altered sensitivities of neurotransmitter receptors, or altered production of neurotransmitters.
Pharmacologically induced activation of the spinal cord has been well studied. In the isolated neonatal rodent spinal cord, fictive locomotion can be activated by application of different neurotransmitters such as N-methyl-D-aspartate (NMDA), 5-hydroxytryptamine (5-HT), or dopamine, resulting in a stable rhythmic motor output (Cazalets et al. 1998 , Kiehn & Kjaerulff 1998 , Kudo & Nishimaru 1998 , Schmidt et al. 1998 ). These patterns closely resemble the activation of hindlimb muscles during locomotion in the intact adult rat (Roy et al. 1991) . These data showed a significant role for these neurotransmitter systems in facilitating locomotor activity and thus suggest that these agents might be useful for inducing locomotion in SCI animals. Indeed, the alpha-2-noradrenergic (NA) agonist clonidine induced stepping early (within 1 week postinjury) in adult, nontrained spinal cats that could not otherwise step (Chau et al. 1998 ). The glutamatergic agonist NMDA had a dramatic positive effect on locomotion at a later stage (months postinjury) in chronic spinal cats. This effect was blocked by the NMDA antagonist Ap5 (Giroux et al. 2003) , which demonstrated that the activation of NMDA receptors may play a role in facilitating stepping. Ap5 was, however, ineffective in the induction of stepping in acute spinal cats (Chau et al. 2002) , which suggests that the cellular biochemistry of the spinal cord changes over the time course of an injury and is an important consideration when developing therapeutic strategies for SCI. Administration of 5-HT, its precursor 5-hydroxytryptophan (5-HTP), or the 5-HT agonists, quipazine and m-chlorophenylpiperazine (m-CPP), are also effective in improving locomotion in spinal cats (Barbeau & Rossignol 1990 , 1991 and rats (Feraboli-Lohnherr et al. 1999 , Kim et al. 2001 , even though descending 5-HT axons are eliminated by a complete SCI. Consistent with these pharmacological studies, autoradiographic receptor-binding studies showed elevated levels of alpha1-and alpha2-NA and 5-HT1A receptors in selected laminae of the lumbar spinal cord segments of spinal cats at 15-30 days post-SCI, which gradually returned to control values (Giroux et al. 1999 , Roudet et al. 1996 . It is not known whether the locomotor patterns are stimulated by directly activating the neurons responsible for CPG or by modulating the spinal circuits that process proprioceptive information.
A complete SCI, and step or stand training after SCI, can markedly change the physiological and biochemical state of multiple neurotransmitter-modulator systems, and thereby change the pharmacological properties of the sensorimotor pathways that generate stepping and standing. Thus, the response of spinal animals to externally administered drugs that mimic or antagonize various neurotransmitter molecules provides a clue for the changes in the synaptic milieu (de Leon et al. 1999b ). Pharmacological as well as biochemical data show that task-specific adaptive changes occur in spinal neuronal circuits of spinal cats trained to stand or step (de Leon et al. 1999b; Edgerton et al. 1997a; Rossignol et al. 2001; Tillakaratne et al. 2000 Tillakaratne et al. , 2002 . Administration of modest doses of strychnine, a glycine receptor antagonist that did not affect locomotion in step-trained spinal cats, significantly improved the stepping ability of poorly stepping, nontrained or stand-trained spinal cats (de Leon et al. 1999b) . Similarly, the stepping ability of poorly stepping spinal cats can be dramatically improved by administration of the GABA A receptor antagonist bicuculline (Edgerton et al. 1997a ). The improvement of stepping upon the administration of strychnine or bicuculline may occur by facilitating neuronal excitation by blocking the abnormally high levels of general inhibition resulting from a complete SCI (de Leon et al. 1999b) . Nontrained spinal rats have increased GABA synthetic enzyme GAD 67 and glycine and GABA A receptors in the lumbar spinal cord, whereas step-trained spinal rats have near-normal levels (Edgerton et al. 2001a , Tillakaratne et al. 2000 . In agreement with this, GAD 67 protein levels in lumbar spinal cord extracts were higher in spinal cats who were step trained for two months and then not trained for five months (de Leon et al. 1999a , Tillakaratne et al. 2002 . After just one week of retraining, however, there was a significant reduction in GAD 67 protein levels (Tillakaratne et al. 2002) . In step-trained cats, the GAD 67 levels around motoneurons were inversely correlated with stepping ability (Tillakaratne et al. 2002) . Training spinal cats to weight-bear also appears to reduce GABA signaling in some spinal interneurons. Cellular mapping of GAD 67 also suggests that the spinal cord of both stand-trained and nontrained spinal cats have selectively higher inhibitory potential compared to step-trained animals. For example, nontrained and stand-trained cats had more inhibitory GABAergic inputs (increased number of GAD 67 -positive terminals) around the motoneurons than the step-trained cats. Furthermore, spinal cats trained to stand on one leg had elevated GAD 67 within the motor pools corresponding to knee flexors in the trained leg but not in the nontrained leg. These findings suggest that the inability of stand-trained spinal animals to step is closely linked to an elevated level of inhibition of flexor motor pools. The specificity of GABAergic changes associated with the specific type of training emphasizes the concept that the activity in the neural networks of the lumbar spinal cord is, to a large extent, determined by the pattern of activity that the hindlimbs experience. How these changes are related to increased inhibitory and/or excitatory synaptic activity, and in which neural circuits this is manifested, remains unclear.
SCI also may have an effect on nonneuronal cell types in the spinal cord. For example, compared to control rats, spinal rats showed elevated immunostaining of the GABA A receptor gamma-2 subunit in astroglial cells, i.e., cells positive for the cellular marker glial fibrillary acidic protein (GFAP) in the ventral horn regions surrounding retrogradely labeled SOL and TA motoneurons (Bravo et al. 2002) . This elevated level returns toward nearly undetectable control levels after six weeks of step training. Plasticity of spinal circuits may also be mediated by activity-dependent induction of neurotrophins. For example, voluntary exercise induces an upregulation of BDNF and NT-3 mRNA and protein levels in the spinal cord (Gomez-Pinilla et al. 2002 , 2001 Ying et al. 2003) . Neurotrophins stimulate axonal growth through the lesion site of an injured spinal cord (Tuszynski et al. 1994) , and exogenously applied BDNF can improve stepping in spinal rats (Jakeman et al. 1998) . Whether BDNF acts directly on those neurons that induce CPG or whether it plays a facilitating role, such as strychnine and bicuculline, is not known.
Effects of Electrical Stimulation on Locomotor Recovery After SCI
Numerous experiments have demonstrated that nonpatterned electrical stimulation (ES) of the lumbosacral enlargement can induce locomotor patterns and even hindlimb stepping in acute and chronic low-spinal kittens and acute spinalized rats (Iwahara et al. 1992) , cats (Edgerton et al. 1976 , Grillner & Zangger 1984 , and humans (Dimitrijevic et al. 1998; Gerasimenko et al. 2003 Gerasimenko et al. , 2002 . ES differs from direct stimulation of individual muscles via electrodes implanted intramuscularly or around/near peripheral nerves. Only the spinal cord ES approach capitalizes on the coordinating capacity that is built into the spinal circuitry, which remains largely functional after most SCI. Dimitrijevic et al. (1998) showed that bilateral or unilateral epidural spinal cord ES can elicit step-like EMG activity bilaterally or unilaterally, respectively, in chronic, complete paraplegic subjects (ASIA A). Increased stimulation amplitude resulted in increased EMG amplitudes and an increased frequency of rhythmic activity. High frequencies of stimulation (>70 Hz) produced tonic activity in the leg musculature, which suggests that the upper lumbar stimulation may activate neuronal structures that then recruit interneurons involved in CPG. Gerasimenko et al. (2002) also used spinal cord stimulation in complete SCI patients (thoracic or cervical level) and found that stimulation of the ventral surface of the cord initially produced tonic activity in the motor pools of the leg, eventually giving way to rhythmic activity. The most effective electrode placement for rhythmic activity was at L2, and once begun, it continued throughout the stimulation period and persisted for 1 or 2 cycles after cessation of the stimulus. Kinematically, the movements resembled bicycling, but the frequency and coordination pattern corresponded to stepping. Interestingly, progressive increases in the stimulation intensity produced activation from the proximal to the distal muscles and from tonic to rhythmic activity.
The stimulation site and parameters for generating tonic and locomotor-like activity with spinal cord ES in chronic spinal (T10) cats were generally similar to that in humans (Gerasimenko et al. 2003 (Gerasimenko et al. , 2002 . Dorsolateral column lesion experiments and unilateral dorsal rhizotomy experiments resulted in loss of locomotor activity and rhythmic activity of the unlesioned side, respectively, when stimulating, which indicates that afferent inputs, i.e., dorsal root afferents and propriospinal fibers, can play a significant role in initiating and maintaining locomotor activity (Dimitrijevic et al. 1998 , Gerasimenko et al. 2002 .
Dimitrijevic and colleagues suggest that stimulation of the same lumbar site at different frequencies has distinctly different physiological effects (Pinter et al. 2000) . For example, stimulation at 50-100 Hz was effective in controlling spasticity. Stimulating at 25-50 Hz at 7-10 V initiated and maintained rhythmical step-like hip and knee flexion in an ASIA A subject (Dimitrijevic et al. 1998 ). In addition only extensor movements were produced when stimulating at <15 Hz. Thus, the evidence to date seems to suggest that nonspecific stimulation of the upper lumbar segments with epidural electrodes, combined with the sensory input generated by weight-bearing stepping, has considerable potential as a therapeutic strategy to improve locomotor performance in SCI patients (Barbeau et al. 1999) . Herman et al. (2002) studied the efficacy of spinal cord ES in facilitating functional gait in an ASIA C patient. They found that motor training alone improved the stepping pattern and reduced spasticity, but overground stepping was very slow and tiring. A combination of treadmill training and stimulation, however, markedly improved the quality and quantity of stepping during the training session and resulted in immediate improvement in the quality of overground walking. These encouraging results imply that a generalized, nonspecific electrical stimulation of upper lumbar neurons may be sufficient to generate, or at least facilitate, rhythmic stepping movements of the lower limbs. The results raise the possibility that when spinal cord ES is combined with proprioceptive input associated with weightbearing stepping, greater levels of activation and coordination can be attained than if either method is applied alone.
Electrical microstimulation of the spinal cord has been used to selectively activate specific hindlimb motor pools to produce predictable multi-joint movements. Multiple fine stimulating electrodes are inserted intraspinally in "activation pools" located in the ventral horn and activate specific muscle groups independently. The feasibility of using this approach to produce functional motor tasks was studied in chronically implanted (lumbar enlargement, 6 months) intact cats (Mushahwar et al. 2000) . Stimulation through selective electrodes was used to produce single and multi-joint movements, in some cases producing a standing posture in the intact cat. In spinally intact anesthetized cats, bilateral locomotor-like activity was elicited via stimulation of a few electrodes placed in the ventral horn of the spinal cord, particularly in lamina IX. Whether intraspinal microstimulation of specific "activation pools" involves the CPG circuitry is unknown at this time.
The current strategies to electrically stimulate the spinal cord to initiate, modulate, and control locomotion, show that (a) locomotor-like movements of the limbs can be generated after a complete SCI via electrodes placed over the dura of the upper/middle lumbar segments; (b) microelectrodes placed in localized regions within the spinal cord gray matter can elicit more defined movements of the entire limb; and (c) spinal cord ES may prove to be more efficacious when combined with other interventions such as step training and pharmacological facilitation.
HUMAN SCI: A PERSPECTIVE
Three general principles have emerged largely from the study of spinal cats: (a) body weight-supported treadmill training improves the ability of the lumbosacral spinal cord to generate weight-bearing stepping; (b) patterns of sensory input provided during locomotor training are critical for driving the plasticity that mediates locomotor recovery; and (c) pharmacological treatments can be used to excite the spinal neurons that generate stepping. The question of whether the human spinal cord is capable of the level of adaptability demonstrated in other mammalian systems has not been fully answered. However, there is increasing evidence that the human spinal cord is capable of a significant amount of plasticity and that this plasticity is, to a large extent, driven by activity-dependent processes. A number of clinical studies demonstrate the applications of these lessons learned from the study of spinal cats toward facilitating the recovery of walking in humans with a complete SCI (Curt et al. 2004) .
Treadmill Training and the Recovery of Walking Ability After SCI
In humans with incomplete SCI, treadmill training has a profound impact on overground walking ability (Wernig et al. 1995) . To date, however, there has not been a similar training effect on overground walking in humans with clinically complete SCI. There is evidence, however, that treadmill training can improve several aspects of walking on a treadmill with some weight-supporting assistance in humans with clinically complete SCI. Dietz and colleagues (1995) reported that after several weeks of treadmill training, the levels of weight bearing that can be imposed on the legs of clinically complete SCI subjects during treadmill walking significantly increases. When stepping on a treadmill with body-weight support, rhythmic leg muscle activation patterns can be elicited in clinically complete subjects who are otherwise unable to voluntarily produce muscle activity in their legs (Maegele et al. 2002) . A recent study has demonstrated that the levels of leg extensor muscle activity recorded in clinically complete SCI subjects significantly improved over 162 EDGERTON ET AL. the course of several weeks of step training (Wirz et al. 2001) . Interestingly, the levels of extensor muscle activity decreased over a three-year period of time following the training program. Together, these results indicate that a use-dependent phenomenon may exist for the human spinal cord as has been reported for spinal cats (de Leon et al. 1999a,b) . In short, the stepping ability of clinically complete SCI subjects can improve in response to step training, but the level of improvement has not reached a level that allows complete independence from assistance during full weight-bearing.
Use of Pharmacological Therapies in Enhancing Walking after SCI
Some of the pharmacological agents used successfully to induce weight-bearing stepping in spinal cats have also been used in humans with SCI in the hopes of enhancing walking performance, but have produced somewhat disappointing results. The NA agonist clonidine, for example, which is highly effective in inducing full weight-bearing stepping in spinal cats (Barbeau & Rossignol 1987 , Chau et al. 1998 ) has had minimal effects on treadmill walking performance (Barbeau & Norman 2003) and can even have a depressing effect on EMG activity levels during treadmill walking (Dietz et al. 1998a,b) in clinically complete SCI patients. Although any number of factors may account for the lack of an effect of clonidine in humans with complete SCI, clonidine may have a beneficial effect in humans if it is combined with treadmill training, and its effects may depend on the time after the injury. In support of this, Chau and colleagues (1998) reported that a combined treatment of clonidine and treadmill training in spinal cats beginning two days after spinalization had a significant facilitatory effect on treadmill walking ability. Clearly, further studies are necessary to examine the effectiveness of pharmacological agents in combination with motor training. Examining the efficacy of these pharmacological agents over the course of recovery following a SCI will be particularly important. Obviously, there is a great need to know the cellular and synaptic mechanisms through which the pharmacological agonists and antagonists may modulate locomotor function. Presently, however, there is limited availability of experimental preparations in which detailed electrophysiological studies can be performed on the adult mammalian spinal cord.
CONCLUSIONS
There is both supraspinal and spinal automaticity in neuromotor control systems that initiate and generate coordinated motor behavior such as standing and stepping after SCI. This automaticity is clearly reflected in the fact that the spinal cord circuitry, which has access to proprioceptive and cutaneous input, can execute standing and stepping while readily adapting to varying loads, speeds of stepping, turning, and stepping over objects.
The motor patterns that the spinal cord generates after loss of supraspinal input are a function, to a great extent, of the specific sensorimotor events that occur after the injury. Training to stand improves standing ability and training to step improves stepping ability, and these behaviors are associated with motor poolspecific biochemical changes. One of the biochemical consequences of a complete SCI is an upregulation of inhibitory neurotransmitter systems, and step training reverses this effect. Therefore, the physiological and biochemical state of the spinal cord will affect how it responds to any given therapeutic intervention.
Ultimately, the application of any curative intervention for SCI is likely to have a higher level of success if combined with a motor training program that provides proprioceptive and cutaneous information to the spinal cord circuitry associated with the specific motor task being trained.
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